␤-adrenergic agonists by ring opening of the chiral epoxide with an amine [7] [8] [9] . Epichlorohydrin (6, Figure 1 antiopure epoxide and an optically active diol with the Screening for improved enantioselectivity was subseopposite stereochemistry at the chiral center [16]. The quently done by spectrophotometric progress curve yield of the remaining substrate and the enantiopurity analysis of the conversion of para-nitrophenyl glycidyl of the diol are often not very high due to the low enantioether (pNPGE). Kinetic resolutions showed that eight selectivity of the enzyme. Therefore, it is desirable to mutants were obtained with up to 13-fold improved improve the enantioselectivity of epoxide hydrolases, enantioselectivity toward pNPGE and at least three which so far has been described for the enzymes from 
quenced. This corresponds to an average of 2-3 amino acid substitutions per mutant. The library of mutant genes was cloned and expressed in E. coli. For expression, we used the pBAD system with which expression can be dosed by adjusting the L-arabinose concentration and which appeared much more stable than the pGEF expression system that we [23] and others [18] used earlier.
The resulting library of around 40,000 colonies was screened for activity toward 1,2-epoxybutane using an agar plate assay with safranin O as an indicator of mem- hydrolysis. NADH that is thereby generated causes an epichlorohydrin; 7, 1,2-epoxyhexane.
increase of the membrane potential due to the action of the respiratory chain. The stronger proton gradient Results that is generated enhances the uptake of safranin O and its accumulation inside the cell, as was observed for Error-Prone PCR Mutagenesis of EchA mitochondria [24] . E. coli colonies that possessed epox-A library of random mutants of EchA was generated ide hydrolase activity obtained a rather uniform pink using error-prone PCR. The conditions used in the PCR color due to accumulation of the dye, whereas inactive reaction yielded 5-7 bp substitutions per gene, calcucolonies had an uncolored outer ring. The test was verified with wild-type enzyme and various active and inaclated from randomly picked mutants that were se- tive mutants that were available from previous studies with cell-free extracts reduced the number to 44 possithe interface with the cap domain, and 5 were located ble candidates, which were used in a kinetic resolution at the bottom ( Figure 3A) . Only 3 mutated residues were of pNPGE. From this, 8 recombinants were obtained located in the middle part of helices of the main domain that had a 5.5-to 13-fold improved enantioselectivity ( Figure 3A) . The central part of the ␤ sheet of the main toward pNPGE as compared to wild-type (Table 1) . domain was completely free of mutations.
Sequence analysis of the 8 mutants with the largest In the cap domain, 13 positions out of 90 (residues increase in enantioselectivity showed that 16 of the 34 135-224) were mutated. These mutations were distribpositions that were present in the EchA mutants obuted all over the cap domain ( Figure 3A) . tained by error-prone PCR were maintained in these recombinants (Table 1) . Also, two new mutations were introduced during the shuffling procedure ( Figure 3B ). The recombina- tion thus resulted in a focusing of the mutations around Effect of Single-Site Mutations In order to determine the effect on enantioselectivity the active site of the enzyme ( Figure 3B ). Indeed, all of the most frequently occurring mutations, five single recombinants contained at least one mutation of a resimutants were constructed and their E-values were dedue that is part of the active site, replacing either one of termined by performing kinetic resolutions (Table 1 ). All the tyrosines that is facilitating the epoxide ring opening these single mutants, except for mutant E271V, showed during the first catalytic step, or replacing F108, which an increased enantioselectivity toward pNPGE. The is located next to the catalytic nucleophile.
E-values of the shuffled mutants S2, S6, S7, and S8 were similar to that of the Y152F single mutant ( Table 1) .
Characterization of the Improved Recombinants
The enhanced enantioselectivity of mutant F108I toIn order to characterize the recombinant epoxide hyward pNPGE was mainly due to a lower K m for the predrolases with enhanced enantioselectivity, the enzymes ferred enantiomer, whereas in the wild-type the K m valwere produced at a larger scale and purified as deues for both enantiomers are similar ( Table 3 ). The k cat scribed before [25] . The recombinant enzymes S1 and for both enantiomers has increased as compared to S6 appeared unstable during purification and were not wild-type, but their difference has become somewhat further characterized. The other purified mutant enzymes smaller. Mutants S1, S3, S4 and S5 have a higher enanwere used to perform kinetic resolutions with seven differtioselectivity toward pNPGE than the single-site F108I ent racemic epoxides ( Figure 1) . mutant ( Table 1) . Conversion of pNPGE with mutant The results indicate a remarkable increase in enantio-F108I showed rapid hydrolysis of the (R )-enantiomer as selectivity toward various epoxides besides pNPGE (5), soon as the preferred (S )-enantiomer was completely the substrate that was used for screening ( Table 2 ). All converted ( Figure 4 ). This unwanted effect is absent in mutants had an increased E-value for at least three other the four shuffling mutants containing this mutation, such substrates. Furthermore, the change in enantioselecas mutant S4 (Table 1 ; Figure 4 ). Thus, in this case the tivity is largely dependent on the substrate used. The additional mutations in the four recombinants have an recombinant enzymes containing the mutations in F108 additional positive effect. and Y215 all showed a significant increase (2-to 20-In three of the mutants carrying the F108I substitution, fold) in enantioselectivity toward styrene oxide (1) and Y215 is also mutated, either to phenylalanine or histidine. epichlorohydrin (6). The recombinants containing the When tested separately, it appeared that the single-site Y152F and/or the E271V mutation are significantly enmutants Y215F and Y215H also have an increased enantihanced (4-to 8-fold) in their enantioselectivity toward oselectivity toward pNPGE ( Table 1 ). The Y215H mutant para-nitrostyrene oxide (pNSO, 3) and 1,2-epoxyhexane showed a large increase in K m for both enantiomers (7). The most remarkable increase in enantioselectivity (Table 3 ). The resulting k cat /K m was decreased more for was observed for mutant S4, which showed 1.5-to 20-the slower reacting enantiomer than for the preferred fold improvement of the enantioselectivity toward five (S )-enantiomer, resulting in enhanced enantioselectivity ( Table 3 ). The combination of mutations F108I and compounds besides the selection substrate. Y215H in mutant S4 and of F108I and Y215F in S3 and progress curve analysis for the conversion of the chromogenic substrate pNPGE in microtiter plates. The S5 resulted in E-values that were higher than those of all single mutants, indicating that also in this case the shape of the progress curves quickly indicates enantioselectivity. This method has the advantage that competieffect of the mutations was additive (Table 1 ). In contrast, the enantioselectivity of recombinants S3 and S5 tive inhibition of one enantiomer on the conversion of the other, which can be an important factor in enzyme for pNSO was lower than that of the separate F108I and Y215F mutants, whereas recombinant S4 had an E-value enantioselectivity, is taken into account. Other colorimetric screening methods for improved enantioselectivbetween that of the single mutants ( . For epichlorohydrin, the shuffled mutant S4 has an E-value of 40, helix 3 directly follows the nucleophile elbow, and the mutation could have an effect on the position of the which is more than 10-fold higher than the highest enantioselectivity described for this compound so far (E ϭ nucleophilic aspartate D107.
In previous studies aimed at improving enantioselec-3.8, [33]).
In most cases, the enhanced enantioselectivity is due tivity of an enzyme, mutations were often found that were located far away from the active site [18, 27-29]. to a reduced k cat /K m for the nonpreferred enantiomer.
Several mutants showed a 2-to 10-fold decrease in
The effects of these mutations were often small as compared to the active site mutations that enhance enantioconversion rate at the low substrate concentrations that were used (Table 2) . This is mainly due to an elevated selectivity we observed in EchA. In all eight shuffled mutants with the highest enantioselectivity, one of the K m , since the k cat values were not much reduced for the substrates for which they could be measured (Table  active site residues is mutated. In seven out of these eight shuffled mutants, a mutation occurred in one of 3). Thus, at higher substrate concentrations, which are more practically relevant, the activity will be reduced the tyrosines that assist in the epoxide ring opening by acting as a proton donor ( 
Two active site mutations that were not previously
The enantioselectivity toward aliphatic substrates was especially improved, which reflects the use of pNPGE found are F108I and Y215H. In mutant Y215H, the histidine probably does not act as a proton donor, since as a mimic of an aliphatic epoxide substrate. The mutations were focused around the active site of the the effect of the mutation on the enantioselectivity and steady-state kinetics of the enzyme for pNSO is similar epoxide hydrolases and mainly affected residues involved in epoxide ring opening. Since this is not the to that of mutation Y215F (Table 3 ) [5] . Mutation F108I causes a large improvement in enantioselectivity toward slowest step in the catalytic cycle of the enzyme, enhanced enantioselectivity could be obtained in several pNPGE, and also the catalytic rate is enhanced. The improved selectivity is based on an increased difference mutants without loss of catalytic rate. The results contribute to the development of a toolbox of engineered between the K m values for the enantiomers (Table 3) . Previously, a W227F mutation was detected at this conepoxide hydrolases for use in biocatalysis. [17], whereas the combined mutations in S3 and S5
The temperature program used was 4 min at 94ЊC followed by 30 clearly do (Table 2) The samples were analyzed using chiral HPLC and GC. The data (w/v) L-arabinose, followed by overnight growth at 30ЊC. In all media, were fitted to competitive Michaelis-Menten kinetics as described ampicillin was used at a concentration of 50 g ml Ϫ1 .
before [26] in order to determine the E-value. ). The initial rate was made, and the protein was purified using DEAE-52 Sepharose (V init ) and the final rate (V term ) as well as the A 350 at t ϭ 0 and t ϭ 60 anion exchange chromatography followed by a hydroxyapatite step, min were scored and used for evaluation. Progress curves showing as described before [25]. a high V init :V term ratio, combined with incomplete conversion of the substrate, were expected to be biphasic and were inspected for the presence of two distinct kinetic phases.
Screening for Improved Enantioselectivity Using

Preparation of Epoxides
Epoxide 2 was synthesized from meta-chlorobenzaldehyde in the Cell-free extracts made from cultures that were selected as candidates with possibly improved enantioselectivity were used for measame way as para-chlorostyrene oxide was previously synthesized from para-chlorobenzaldehyde [26] . The racemate of epoxide 3 was suring progress curves at 350 nm in a normal cuvette. The measurements were done in 100 mM Tris-SO 4 (pH 9.0) at 30ЊC on a Perkin synthesized as described before [42] . 
